1. To make adaptive behavioural decisions, animals must acquire and process information from their natural and social environment. Reducing uncertainty regarding the actions and goals of conspecifics is especially important for group-living animals.
| INTRODUC TI ON
Animals make behavioural decisions based on information transmitted through their sensory organs (Endler, 1993) . Therefore, sensory ecology, the study of how organisms acquire, process and respond to information about their environment, is important for many research fields (Barth & Schmid, 2001; Dusenbery, 1992) , ranging from physiology and ecology to evolutionary biology (Dangles, Irschick, Chittka, & Casas, 2009 ). For group-living animals, it is crucial to assess not only their natural but also their social environment (Endler & Basolo, 1998; Stegmann, 2013) . Reducing uncertainty regarding the behaviour of conspecifics can be as important as anticipating the behaviour of heterospecifics, for instance predators or suitable prey.
A well-informed individual can adjust its behaviour appropriately to a given situation and thus increase its fitness (Maynard Smith, 1999 , 2000 . The more variable a natural or social environment is, the more important it is for an individual to obtain information about its surroundings. However, gathering information is associated with costs because an information-seeking individual must spend valuable resources on observing its natural and social environment and/or face an increased risk of predation (Dall, Giraldeau, Olsson, McNamara, & Stephens, 2005) .
Communicative signals constitute an important source of information for receivers (Bradbury & Vehrencamp, 2011; Carazo & Font, 2010; Scott-Phillips, 2008; Stegmann, 2013) . Decoding social vocalizations to gather information about conspecifics is highly advantageous for receivers in a diverse set of behavioural contexts (Carazo & Font, 2010; Stegmann, 2013) , and it is conceivable that receivers should incorporate more information into social decision-making the higher the uncertainty in their social environment is. Therefore, when animals' social systems and the interactions with social group members become more complex, vocalizations mediating social interactions should encode more information as well. This predicted positive feedback loop between social and vocal complexity ('social complexity hypothesis for communication' sensu Dunbar, 1998; Freeberg, Dunbar, & Ord, 2012) can influence, for instance, the size of vocal repertoires or the information content of specific vocalizations (Pika, 2017; Fischer, Wadewitz, & Hammerschmidt, 2017;  but see Ord & Garcia-Porta, 2012) . Evidence is found in primates (e.g. McComb & Semple, 2005) , rodents (e.g. Pollard & Blumstein, 2012) , carnivores (e.g. Manser et al., 2014) , cetaceans (May-Collado, Agnarsson, & Wartzok, 2007) and birds (e.g. Krams, Krama, Freeberg, Kullberg, & Lucas, 2012) . In bats, there is currently only one study showing that the amount of individuality encoded in pup isolation calls is positively correlated with group size at the species level .
Since bats exhibit a high diversity of ecological adaptations, lifehistory traits and social systems (Clutton-Brock, 1989; Hill & Smith, 1984; McCracken & Wilkinson, 2000; Pitnick, Jones, & Wilkinson, 2006) , they are an extremely well-suited taxon for comparative studies on the interplay of social and vocal complexity. The variety and structural composition of bats' social vocalizations is remarkable, ranging from simple calls to songs containing different motifs (Smotherman, Knörnschild, Smarsh, & Bohn, 2016) and from small to large vocal repertoires (small, e.g. Knörnschild, Kalko, & Feifel, 2014;  large, e.g. Behr & von Helversen, 2004) . Social vocalizations of bats can encode information on the arousal of the signaller (e.g. Bastian & Schmidt, 2008) and refer to a specific social context such as territorial defence (e.g. Behr, Knörnschild, & von Helversen, 2009 ), courtship (e.g. Toth, Dennis, Pattemore, & Parsons, 2015 or distress (e.g. Eckenweber & Knörnschild, 2016) . In addition, bats' social vocalizations can encode personal information about the signaller, for instance species identity, regional origin, group affiliation or age Chaverri, Gillam, & Kunz, 2012; Fernandez & Knörnschild, 2017) . Vocal signatures encoding individual identity are the most thoroughly studied vocal signature type in bats. Since bats generally have unusually long life spans for small mammals and often live in stable social groups (Ortega, 2016; Wilkinson & South, 2002) , individuals have ample opportunities to interact repeatedly.
Signalling individual identity is found in mother-pup communication Helversen, Here, we conducted a phylogenetic comparative analysis to link the information content in bat vocalizations encoding individual identity to the amount of conspecifics whose identity a receiver could confuse, that is the respective difficulty of assessing individual identity in a given social scenario. Our interspecies comparison focused on three vocalization types, namely pup isolation calls, adult contact calls and male-specific vocalizations. Isolation calls are produced by pups to solicit maternal care, contact calls are produced by adults to maintain contact with group members during foraging or roost switching, and male-specific vocalizations are produced during territorial defence and/or courtship. The reason for this choice of vocalization types is twofold: first, they have been studied in enough species to permit a meaningful statistical comparison. Second, in the above-mentioned behavioural contexts, confusing the individual identity of senders is most likely associated with fitness costs for receivers, suggesting a strong selection for individual recognition.
We hypothesized that the amount of vocally encoded information is positively correlated with the respective difficulty of assessing individual identity, that is the relevant social group size. If this was the case, it would support the predicted positive relation between estimates of social and vocal complexity. studies contained enough information to make our subsequent calculations of information content possible. For three more species, scientists provided additional data which we used for our analyses Smarsh & Smotherman, 2017) . In total, we obtained sufficient data for 24 species from nine families; 4 species were included in more than one analysis (see supplementary information for details).
| MATERIAL S AND ME THODS

| Estimates of vocal and social complexity
We calculated the strength of the individual vocal signature, that is the encoded information content, for all bat species and used it as an estimate of vocal complexity in subsequent analyses. We followed the quantitative method developed by Beecher (1989) to calculate the information content encoded in a given vocalization type and species. The information content is measured using a stereotypy index (H S ) based on information theory (Shannon & Weaver, 1949) . The unit of H S is bits per signal, which represents the number of binary decisions necessary to discriminate among N objects. The higher the values of H S , the more potential a given parameter or set of parameters has for discrimination, that is for encoding individual identity. Since H S is a population estimate, it is not tied to the number of objects to discriminate, thus enabling comparative analyses (Beecher, 1989) . For calculating H S , contributions from different acoustic parameters are summed up to estimate the total amount of encoded information. We transformed intercorrelated acoustic parameters into independent principal components before calculating the information content.
We used relevant social group sizes, that is the respective number of conspecifics whose identity a receiver could confuse, as an estimate of social complexity. We used relevant social group size instead of total social group size or colony size since it reflects the receiver's challenge of correctly recognizing individuals more accurately. Numbers of pups in the colony, adult group members or male rivals in the vicinity were obtained from the literature for all species for which we calculated the information content of isolation calls, contact calls or male-specific vocalizations (Table S1 ); reported maximum numbers were used for bats living in small groups, while reported averages were used for bats living in large aggregations consisting of smaller sub-groups. A list of data sources used in our study is provided in the Data Sources Section.
| Phylogenetic comparative approach
When attempting to study the evolutionary relationship between estimates of social and vocal complexity, one has to control for the nonindependence of species by using phylogenetically controlled analyses (Cooper, Thomas, & FitzJohn, 2016; Felsenstein, 1985; Harvey & Pagel, 1991; Huey, Garland, & Turelli, 2019) . We combined our data for adult contact calls (N = 5 species) and male-specific vocalizations (9 species) to gain a large enough sample size for comparative analyses. Thus, we had two datasets, pup isolation calls (N = 14 species) and the combination of adult contact calls and male-specific vocalizations (N = 14 species). Four species were present in both datasets.
We assembled separate phylogenetic trees for our two datasets ( Figure S1 ), using a recent dated molecular phylogeny of bats (Amador, Arévalo, Almeida, Catalano, & Giannini, 2018) . Subsequently, we applied a phylogenetic comparative approach called SLOUCH (Stochastic Linear Ornstein-Uhlenbeck models for Comparative Hypotheses; implemented in R v3.6.0) to test whether changes in vocal complexity evolved in response to changes in social complexity. SLOUCH is very well suited to study adaptation since it is based on Ornstein-Uhlenbeck models of trait evolution (Hansen, Pienaar, & Orzack, 2008) , in which a trait, for example vocal complexity, evolves towards an optimum that is assumed to be a linear function of a predictor, for example social complexity. SLOUCH returns an 'optimal regression' slope, which describes the expected relationship between the trait and the predictor in the model if no constraints on the evolution of traits towards the optimal state existed (i.e. phylogenetic inertia); it also returns an 'evolutionary regression' slope, which depicts the current relation between the trait and the predictor. To measure how well the phylogeny alone explains the distribution of a trait (i.e. vocal complexity), we also calculated an intercept-only model without a predictor and contrasted it with the model including a predictor (i.e. social complexity). Models were compared with AICc scores (Akaike information criterion, corrected for small sample sizes), and model support was assessed with log likelihood values.
All statistical tests were conducted in R v3.6.0 (R Core Team, 2019).
| RE SULTS
To assess the relation between relevant social group size and information content, we applied a phylogenetic comparative approach based on Ornstein-Uhlenbeck models of trait evolution. Our analysis demonstrated a positive relationship between relevant social group size and information content of pup isolation calls (optimal regression slope = 3.44, 95% CI = 4.736-2.144, R 2 = 0.66, N = 14; Figure 2a ). For the combination of adult contact calls and male-specific vocalizations, we also detected a positive relationship between relevant social group size and calls' information content (optimal regression slope = 1.33, 95% CI = 1.602-0.658, R 2 = 0.61, N = 14; Figure 2b ). Details on the models can be found in the Supplementary Information ( Figure S1 ; Table S2 ). Overall, our data suggest that an evolutionary increase in relevant social group size was associated with an increase in signature information encoded in pup isolation calls, adult contact calls and male-specific vocalizations.
We only had four species for which we analysed data of more than one vocalization type, thus enabling intraspecific comparisons. In three species (Saccopteryx bilineata, Carollia perspicillata and Tadarida brasiliensis), pup isolation calls had a higher information content than male-specific vocalizations (S. bilineata: 3.15 vs. 1.35 bit; C. perspicillata: 2.54 vs. 2.15 bit; T. brasiliensis: 9.0 vs. 5.97 bit), which corresponds to the larger relevant social group size for receivers decoding pup isolation calls than male-specific vocalizations.
However, in the fourth species, Nyctalus noctula, male-specific vocalizations had a higher information content than pup isolation calls (3.13 vs. 2.07 bit), even though the relevant social group size was larger for pup isolation calls than for male-specific vocalizations. This counterintuitive result is probably caused by the fact that N. noctula's male-specific vocalizations can comprise two different syllable types whose information content was summed up four our analyses (syllable type A: 1.40 bit; syllable type H: 1.73 bit).
| D ISCUSS I ON
Our results suggest that an evolutionary increase in relevant social group size was associated with an increase in identity information encoded in different vocalization types. This corresponds well to other taxa such as primates (McComb & Semple, 2005) , carnivores (Manser et al., 2014) or cetaceans (May-Collado et al., 2007) and to the only other study on estimates of social and vocal complexity in bats . The latter study also found a positive correlation between the amount of individual identity information encoded in pup isolation calls and the species' social group size; however, it did not correct for phylogenetic relatedness between species, which made inferences about the evolutionary relation between social and vocal complexity in bats difficult. As in , the calculated information content in our study encoded fewer individuals than bats would actually have to discriminate. This discrepancy may be of minor importance because bats probably use a combination of more acoustic parameters to discriminate between individuals than we used to calculate the information content; moreover, bats may evaluate additional information (e.g. multiple instead of single calls, spatial information, olfactory cues).
Confusing the individual identity of senders can have substantial costs for receivers, not only in bats but also in many other animals. If lactating mothers could not discriminate correctly between own and alien offspring, valuable resources would be allocated in vain while the own offspring would not receive enough nutrition, thus reducing the mothers' direct and indirect fitness (Briefer & McElligott, 2011; Insley, 2000; Searby & Jouventin, 2003) . Likewise, if individuals could not recognize other group members individually or at least discriminate between own and alien group members, group cohesion during foraging or moving would be impossible, causing detrimental effects on individuals' fitness (Janik & Slater, 1998; Sharpe, Hill, & Cherry, 2013; Snowdon & Cleveland, 1980) . Also, if socially monogamous females could not recognize their mates individually (Berg, Delgado, Okawa, Beissinger, & Bradbury, 2011; Clark, Boersma, & Olmsted, 2006) , the pair bond and their reproductive success would likely suffer. Accordingly, if regularly interacting male competitors could not individually recognize and assess their opponents and subsequently adjust their social decisions accordingly (Briefer, Rybak, & Aubin, 2008; Godard, 1991; Temeles, 1994) , male receivers would suffer preventable aggressive interactions and thus have reduced fitness.
All comparative studies on the relationship between social and vocal complexity face the general problem of determining 'complexity' of vocalizations or social systems (Bergman & Beehner, 2015; Fischer, Farnworth, Sennhenn-Reulen, & Hammerschmidt, 2017; Fischer, Wadewitz, et al., 2017; Freeberg et al., 2012; Pika, 2017; Pollard & Blumstein, 2012) . Different authors have used various measures to determine social complexity: group size, group structure (matrilines, coalitions, fission-fusion dynamics, etc.), frequency of repeated encounters, consistency and diversity of social relationships, differentiation of social roles (dominance or reproductive F I G U R E 2 Positive relation between social and vocal complexity for different bat vocalization types encoding individual signatures: pup isolation calls (a) and a combination of adult contact calls and male-specific vocalizations produced in the context of territoriality and/ or courtship (b). Information content in bit was used as an estimate of vocal complexity, relevant social group size, that is the amount of conspecifics whose identity a receiver could confuse, as an estimate of social complexity. X-axes are presented in logarithmic scale. Graphs depict the original data with the fitted optimal regression slopes from phylogenetically corrected analyses (OU models of trait evolution). Details on OU models as well as data on relevant social group size and vocal information content in bit for all species in our phylogenetic comparative analysis are provided in the Supporting Information (Table S1 and S2, Figure S1) status, helpers, etc.) and variability of social attributes (changes in status or group membership, demographic effects, etc.) have been used as estimates of social complexity, either singly or in combination (Bergman & Beehner, 2015; Blumstein & Armitage, 1997; Bouchet, Blois-Heulin, & Lemasson, 2013; Fischer, Farnworth, et al., 2017; Freeberg et al., 2012; Manser et al., 2014; McComb & Semple, 2005; Pika, 2017; Pollard & Blumstein, 2012) . There is more consensus on what variables to use as estimates of vocal complexity; most scientists agree that vocal repertoire size, the information content encoded in specific vocalization types, the acoustic and compositional structure of vocalizations and the variability of vocal communication (e.g. flexibility of signal usage, presence of vocal production learning) are suitable (Bouchet et al., 2013; Freeberg & Krams, 2015; Krams et al., 2012; Pika, 2017) . However, there is much debate on how to determine the size of a vocal repertoire, that is the number of structurally and functionally distinct elements, especially when graded vocalizations are involved (Elie & Theunissen, 2016; Fischer, Wadewitz, et al., 2017; Kershenbaum, Freeberg, & Gammon, 2015; Prat, Taub, & Yovel, 2016; Wadewitz et al., 2015) .
Despite these unresolved difficulties, we believe that our estimates of social and vocal complexity, albeit comparatively simple and one-dimensional, were adequate since they corresponded well to one another. For practical reasons, we focused on vocalization types encoding individual signatures and calculated the information content in bit, that is the strength of the individual signature (Beecher, 1989) .
Under this circumstance, relevant social group size, that is the amount of conspecifics a receiver could confuse, was an appropriate estimate of social complexity (Freeberg, 2006) . Had we used a multi-dimensional estimate of vocal complexity instead, for example vocal repertoire size in addition to signature strength, we would have had to use more indepth, multi-dimensional estimates of social complexity as well. As the scarcity of data often limits such a multi-dimensional approach, many authors, including us, used a one-dimensional approach for estimating complexity. In this case, we strongly advise to use an estimate of social complexity that is relevant for the respective estimate of vocal complexity (e.g. when the strength of individual vocal signatures is used, relevant social group size is more appropriate than total group size, especially in animals that form large aggregations consisting of sub-units).
Taken together, our phylogenetic comparative analysis demonstrates a positive relation between estimates of social and vocal complexity for bat vocalizations. We argue that information encoded in social vocalizations of bats enables receivers to make informed social decisions and avoid costly recognition errors.
Promising areas of future research in bats and beyond would be how receivers accomplish cross-modal integration of social signals (e.g. Kozak & Uetz, 2016; Ratcliffe, Taylor, & Reby, 2016) or decode temporally segregated social information in the same sensory channel (e.g. Collier, Townsend, & Manser, 2017; Jansen, Cant, & Manser, 2012) . Focusing on the perception of receivers will not only advance our understanding of constraints on signal evolution but also enable us to study different solutions to common problems regarding signal perception and decoding by drawing broad taxonomic comparisons.
In conclusion, phylogenetic comparative analyses are a powerful way to investigate whether the multi-faceted relationship between social and vocal complexity follows universal or taxon-specific rules.
Studying these rules could help us understand how human language, the most complex communication system in existence, evolved by focusing on its biological foundations (Fitch 2010; Di Sciullo & Boeckx 2011) . Moreover, the ever-growing data gained from comparative analyses will ultimately enable us to establish a comprehensive theory on the co-evolution of sociality and communication in all animals.
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